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Abstract
A coherent, X-band, airborne radar with a 
non-scanning beam ]+. 1° wide at half power is 
used to produce by means of frequency analysis 
a recognizable strip map of the terrain inside 
the geometrical beam width« Th© observed and 
calculated angular resolution of the system is 
0«Lj. degrees« Th© radar pulse length is 0«f> micro­
second, and the aircraft has a ground speed of 
136 knots« Using a pulse five times shorter and 
an aircraft of four times higher speed, the same 
system would have a resolution of about 0.1 degrees.
/
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I. Introduction
The possibility of using doppler frequency analysis of 
the signals from an airborne radar to increase angular 
resolution has been known for some time. The earliest 
report on the subject that we have found is by Goodyear 
Aircraft Corporation , although there may be other as well 
as earlier expositions of the same principle. The effect 
of improving resolution by doppler analysis was experimen­
tally observed at the Control Systems Laboratory while 
analyzing off-the-ground-track moving target signals. The 
effect was interpreted in two reports ©
* "A Study of the Application of ATRAN to the Guidance of 
the Atlas Missile” Contract AP 33(038)19956. Goodyear 
Aircraft Corporation, November 1951 (SECRET) Title, 
Confidential
**R-19 "High Resolution Airborne Radar Employing Doppler 
Frequency Analysis'* March 1952- (CONFIDENTIAL) and R-20 
"Puipther Considerations on High Resolution Radar"
April 1952 (CONFIDENTIAL) Control Systems Laboratory, 
University of Illinois, Urbana, Illinois, Contractt 
DA-11-022-0RP-721.
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IIo Outline of Theory
Figure 1 shows the illuminated patch of radial extent AR* 
at a fixed range R from the aircraft« A typical target is 
picked up at A and disappears out of the patch at Bo
I
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•f is the angle between the direction of the target and
the flight vector of the aircraft. During the passage of
AF t athe target through the patch, Y changes by — n. T •R
This causes a very nearly linear frequency modulation of 
the doppler signal of
Aff = 32 V sin y (1)
where V is the aircraft velocity in knots. AR is 2I4.6 feet
for a one-half microsecond pulse.
The target stays inside the patch for a time
T = — )/v. This finite duration of the doppler signalcos y
produces a second source of uncertainty Aco in the angular 
doppler frequency 03 of the order of l/T. The spread in the 
doppler frequency, due to its finite duration is
1
2nT
V COS Y 
2% AR (2)
Finally, the doppler signal is analysed by a filter 
whose full width at half power is Afp * A H  of these un­
certainties in frequency limit the overall frequency resolu­
tion of the system.
We assume that the edges of the video pulse are not 
perfectly sharp due both to the pulse shape and also the 
rounding effects of the I.F. and video amplifiers. If, in 
particular, we assume that the power of the doppler signal 
from any one target grows and decays in a guassian manner
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with a standard deviation of t.^ , then* calculating the frequency 
spectrum of the resulting signal by Fourier transformation, 
we obtain a gaussian spectrum with a standard deviation Af^
where Aff^  is the frequency modulation due to changing of y im
during the time t^*
Finally we analyse this spectrum with a gaussian filter 
whose standard deviation is Aff. The output of the filter to 
the doppler spectrum of a single target will also be gaussian 
with a standard deviation,
We define, somewhat arbitrarily, the time of observation 
T = t0 be Qvluai to 2tn. Then let Af- be the frequency
Vcosymodulation due to the change in y during this time T. Also
we use Af™ the full width of the filter at half power, wn.ij.ch r
is approximately two standard deviations of the assume gaussian 
filter. Th© full width at half power of the doppler signal 
measured at the output of the filter for a single target 
passing through the patch is
¡h ?  * 131
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This Af we will call the over-all frequency resolution 
of the system. This is related to the over-all angular 
resolution AY by,
Af = 32 V sin r AY (5)
The illuminated patch cuts a strip across the terrain. 
Frequency analysis of the doppler signals produces a radar 
map of the strip with a resolution given by (ij.) and (5) 
which can be much better than the geometrical r©solution 
of the radar beam.
As the sketch in Fig. 1 shows, a target is only being 
detected while it is actually inside the illuminated patch 
which is only about 10°/o of the time it spends inside the 
geometrical radar beam. Thus this simple system is wasting 
about 90°/o of the potential observation time on the target. 
Xf each range bin were analysed, then there would be no lost 
information.
Five or ten properly spaced range intervals would 
permit the observation of a fairly wide swath.
Filters extending beyond the normal frequencies 
characteristic of fixed targets inside the radar beam will 
detect moving targets. The angular position of the moving 
target, however, can only be determined to the accuracy of 
the geometrical beam width (since its radial velocity is 
unknown)•
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III® Equipment
The radar used in the experiments reported here was X-band 
(X = 3.2 cm), with a 0.5 microsecond pulse, I^ ol° beam, and a 
p.r.f. of 2000. Coherence was provided by means of an echo 
box. The echo box signal was approximately as large as the 
terrain echoes. The aircraft speed and the antenna angle y 
were adjusted so that the doppler signal between the echo box 
and the terrain occured in a frequency interval which was free 
from the interclutter, or non-coherent, doppler signals.
The range-gated video signal was stretched and recorded 
on magnetic tape. Later the tape was cut into nine ¡second 
duration strips. Each strip was formed into a loop which was 
played back repeatedly while a Hewlett-Packard Wave Analyzer 
performed a frequency analysis. The analyzer advanced about 
six c.p.So during each cycle of the loop. ThQ output of the 
analyzer was used to intensity modulate a time versus fre­
quency cathode ray tube display. The time scale and the 
frequency scale of the display were adjusted so that both 
corresponded to the same distance scale on the ground. 
Furthermore the axes were skewed from a normal 90° to 
(9 0 -r)°. This was necessary to make an undistorted map, 
since the illuminated patch is moving parallel to the aircraft 
but is tilted at an angle 90 - Y with respect to the course.
The time versus frequency display for each complete loop 
was recorded on film. These photographs were then fitted to­
gether to make a strip map. This is not a very efficient
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method of operation, but the purpose of the experiments was 
merely to demonstrate feasibility, using available equipment* 
With the capability of making rapid frequency analysis 
and with adequate CRT screen persistence one could produce 
this map while the aircraft is in flight* Alternatively, 
it could be transmitted over an audio communication channel 
and reconstructed elsewhere*
Photographic film has such a limited dynamic range that 
it was found necessary to make a separate analysis of each 
loop at each of two gain settings. The low gain setting 
shows strong targets such as isolated buildings* The high 
gain setting (play-back voltage gain is set five times higher 
than for the low gain case) shows land water boundaries, 
and isolated weak targets in the water* A limiting circuit 
prevents the CRT from being overdriven.
IV. The Experiments
The equipment was mounted In a C-I4.6 aircraft provided by 
the Wright Air Development Center* The mapping runs were 
made over Key iffest, Florida with the assistance of Air 
Development Squadron One* ^he same equipment was being used 
in some ASW tests at the Naval Air Station.
The aircraft flew at such a distance from the island, 
that the illuminated patch cut a swath across the island.
The exact location of this strip was not known however 
until the tape was analyzed and the photographs produced
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and fitted together, making a recognizable map.
V. Results
Plate I shows an aerial photograph of part of the Key West 
region which was provided through the cooperation of the Air 
Development Squadron One. On this map is drawn the outline 
of the strip map produced by the non~scanning, Lj-.l0, radar 
beam. The radar map is also shown, at two different gain 
settings o
The aircraft flew with a ground speed of 136 knots =
229 ft/sec at an altitude of 1600 feet at a true bearing of 
07i|_°. The angle Y between the ground track and the center of 
the beam was 38°•
The radar pulse length of O.fp^^s. made AR = 2l}.0 feet.
Thus the time for the illuminated patch to cross a target is
T = Aft— n sr 1 .3  seconds. The illuminated patch was at
V cos Y •
a range of 10,700 yards from the aircraft. The frequency 
spread across the 1}..1° region, is 19U- cps. At 10,700 yards, 
I4..I0 gives a chord of 2lj.00 feet, which, due to its orientation, 
cuts out a strip about 2000 feet wide between the half power 
points. Seventeen 9 second loops of tape cover a total 
distance of 3$,000 feet, the length of the strip on Plate I.
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We now calculate the over-all resolution of the system 
using equation (!}.)•
JL___ ^ 1
2 ic T = 6 cps
AR tan r „ ^Affm = 32 V sin Y -- ----- = 15 cps
AfF = 12 cps, the observed width of the analyzer filter
Thus, the full width at half power of an isolated target 
should be
Af = 19 cps
This corresponds to an angle,
A "PAY ss — ----—  = 0 *li degrees32 V sin r
which is 10 times better angular resolution than that 
provided by the original radar beam of lf.1 degrees®
Careful study of the original negatives used in 
Plate I indicate that the actual resolution on isolated 
targets is somewhere between 1$ and 20 cps, in good agree­
ment with the calculations*
If the radar had a 0*12 microsecond pulse (instead of 
0.5) the resolution in both range and angle could be im­
proved by nearly a factor of !j., providing that the frequency 
analyzer bandwidth was reduced to about 3 cps* An alternative 
is to increase the aircraft speed by 1}., and continue to use
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the 12 cps resolution filters* In this case a 0*12 micro­
second pulse will give an angular resolution of about 0*1 
degrees* This resolution, of 0*1 degrees, is about the 
maximum attainable at X-band with this simple geometry and 
without going to more elaborate methods of processing the 
data.
There is still another practical limit to resolution, 
and that is the motions of the targets themselves* The radar 
echoes from even fixed rigid objects have a random amplitude 
fluctuation with corresponding finite bandwidth. Our exper­
iments show that some targets have spectra which are at least 
as narrow as If? to 20 cps at X-band. It is probable that some 
targets such as fixed ground objects and buildings have such 
low accelerations and such slow scintillations that they have 
frequency spectra much more narrow than 1$ cps* However, the 
stability of the target echo will always set a limit to the 
resolution attainable by a system using frequency analysis*
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